Evolution of the HA1 domain of human influenza A (H1N1) virus: loss of glycosylation sites and occurrence of herald and conserved strains
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Thirty-one strains of human influenza A (H1N1) viruses isolated in Europe, mostly in Finland, from 1978 were compared with respect to their nucleotide sequences coding for the HA1 portion of haemagglutinin. In 1984, at least two sublineages of H1N1 subtype viruses co-circulated in Finland. The viruses isolated after 1986 formed three sequential phylogenetic dusters. Loss of glyeosylation sites, on the globular head of the HA1 portion suggests that oligosaccharides at these sites are not necessarily advantageous for the human virus. Isolation of a herald strain in Finland in June 1988 raised the question as to whether the virus was able to survive in Europe throughout the non-epidemic summer period. Demonstration of highly conserved strains, found over two continents in 1988 , is further evidence of the existence of infection chains whose viruses have not been subjected to random sampling or selection events.
Human influenza A (H1N1) viruses reappeared in 1977
after an interval of 20 years. The HA1 portion of the virus haemagglutinin, the main scene of antigenic drift, has evolved along one pathway with short side branches (Raymond et al., 1986; Cox et al., 1989; Nakajima et al., 1991 ; Kinnunen et al., 1992; Xu et al., 1993) . The present antigenic variant (Taiwan/1/86-1ike viruses; Robertson, 1987; Cox et al., 1989; Rajakumar et al., 1990 ) appeared in 1986. Since then, the antigenic drift has been insignificant; nevertheless, the virus has evolved at a rather high constant rate (Kinnunen et al., 1992; Xu et al., 1993) . The concept of H1N1 virus evolution is based on sequence analyses of a comparatively small number of strains isolated in different parts of the world. This study was done to increase knowledge on the series of evolutionary events occurring in Europe, particularly during a uniform epidemic in Finland. The results shed light on the time sequence of mainstream amino acid changes, the evolution of potential glycosylation sites and the occurrence of herald as well as conserved strains. Table 1 lists the 31 influenza A (H1N1) virus strains obtained during eight epidemic seasons that were sequenced in this study. One of the recent outbreaks (1990/91) was studied more thoroughly and the striking antigenic diversity detected in 1983/84 (data not shown) * Author for correspondence. Fax + 358 0 4744408. e-mail Reijo.Pyhala@ktl.fi Sequences reported in this paper have been submitted to the EMBL database and assigned the accession numbers L3348(~L33493 and L33743-L33758. was represented. Most strains were isolated in our laboratory, whereas some were obtained by the courtesy of Dr M. Waris and Dr R. Vainionp/i/i (Turku), Dr M. Grandien (Stockholm), Dr J. C. de Jong (Bilthoven) and Dr A. Plyusnin (St Petersburg). The additional 36 sequences available in the GenEMBL database in November 1993 were included in our phylogenetic analysis.
RNA was extracted as described (Kinnunen et al., 1992) . The primers used in PCR amplification were 1 AGCAAAAGCAGGGGAAAATAAAAAC 25 (cDNA primer) and 1095 CAATGAAACCGGCAATG-GCTCC 1074 (PCR primer). Two asymmetric amplifications enabled the HA gene to be sequenced in both directions. The primers used in minus-strand sequencing were 19 TAAAAACAACCAAAATGAAAGC 40, 241 GTAATTGCAGCATTGCCGG 259, 475 GAGT-AACGGCATCATGCTC 493,673 CTTATGTCTCTG-TAGTGTC 691 and 878 CATCACCTCAAACGCAT-C 895, and in plus-strand sequencing 259 CCGGCA-ATGCTGCAATTA 242 and 361 CCTGGGTAACAT-GTTCC 345.
The cDNA reaction mixture (20 ~tl) contained 50 mMTris-HC1 pH 8"3, 70 mM-KC1, 10 mM-MgC12, 1 m~-dNTP, 20 pmol cDNA primer, 20 U ribonuclease inhibitor (Promega) and 20 U avian myeloblastosis virus reverse transcriptase (Bioquote). The reaction was carried out at 42°C for 1 h. Two lxl of the cDNA reaction mixture were amplified in a DNA thermal cycler (Pharmacia) for 35 cycles (95 °C 1 min, 48 °C 1 min and 72 °C 4 min). The minus-strand amplification (100 Ixl) was carried out in 50 mM-Tris-HC1 pH 8.8, 50 mM-KC1, 0001-2525 © 1995 SGM K, tertiary cynomolgus monkey kidney cells; X, host 0.1% Triton X-100, 0.01% gelatin, 1.5 mM-MgC12, 0.2 mM-dNTP, 5 pmol cDNA primer, 50 pmol PCR primer and 1 U Taq DNA polymerase. In plus-strand amplification, the concentrations of cDNA and PCR primers were 50 pmol and 5 pmol, respectively. The amplified PCR product was extracted with chloroform and precipitated with ethanol (Ausubel et al., 1989) . The dried pellet was diluted in TE buffer (10 mM-Tris-HC1, 1 mM-EDTA pH 7.4), and sequencing reactions were carried out using the Sequenase sequencing kit (United States Biochemical). The sequence data were analysed with a VAX computer, using CLUSTAL V (Higgins et al., 1992) and Genetics Computer Group (1991) software packages. The amino acids were numbered according to the alignment of Winter et al. (1981) . The PHYLIP software package (Felsenstein, 1991) was used for generating phylogenetic trees, which were rooted using A/USSR/ 90/77 (Concannon et al., 1984 ; accession number K01330) as the outgroup species. RasWin Molecular Graphics Windows Version 2.2 by Roger Sayle, was used for locating amino acid substitutions on the a-carbon tracing of the HA1 monomer, based on the 3-dimensional structure of the HA1 domain of the H3N2 subtype virus (Wilson et al., 1981) .
The differences in deduced amino acid sequences of the HAl domain between A/USSR/90/77 and the 31 strains sequenced in this paper are given in Fig. 1 . The phylogenetic tree in Fig. 2 consists of HA1 nucleotide sequences of these and the 36 additional virus strains. Triplets encoding the variable amino acids at positions 144, 189, 190 and 225, which have been associated with egg adaptation Xu et al., 1993) , were discarded from the analysis and are not considered here. Less variable residues or residues that did not vary in our analyses (positions 129, 138, 163, 187, 196, 226 and 227) and which may also be involved in hostmediated variation (Robertson et al., 1991; Robertson, 1993; Rocha et al., 1993; Xu et al., 1993) were included.
The 31 new sequences supplement, but do not change, the general structure of phylogenetic trees published previously. The three strains isolated in Finland in early 1978 differed from each other in only one silent nucleotide substitution and were most closely related to (Concannon et al., 1984 , accession number K01330) and 31 strains sequenced in the present study• Positions -002 to 323 correspond to numbering of the H3 subtype HA (Winter et al., 1981) ; additional residues present in H1 subtype sequences are numbered using alphabetic suffixes. the root virus USSR/90/77. One of the mainstream changes (from N to S at position 65; Raymond et al., 1986; Cox et al., 1989) , known to differentiate the root virus and the new antigenic variant Brazil/ll/78-1ike viruses, was already exhibited by the Finnish 1978 strains.
Several antigenic and genetic H1N1 variants were isolated in different parts of the world in 1983 (Raymond et al., 1986; Cox et al., 1989) . The strains isolated in Finland in 1984 belonged to two sublineages (sublineages a and b in Fig. 2 ), indicating that these divergent viruses co-circulated in this country. The sublineages exhibited a difference of eight amino acid substitutions (Fig. 3a) . Four further substitutions (Fig. 3 a) differentiated Fin/ 1/84 and Fin/9/84 (sublineage a), whereas Fin/4/84 and Fin/5/84 (sublineage b) were genetically identical. Sublineage a appears to belong to the Dunedin/83-Victoria/83 branch (Raymond et al., 1986) , whereas sublineage b is more closely related to the 1986 antigenic variant, even more so than a previously described predecessor, Hong Kong/32/83 (Cox et al., 1989) . The antigenic differences detected (data not shown) were obviously due to the amino acid differences at antigenic sites Sa and Sb and to loss of a glycosylation site at Sa (Fig. 3a) .
Host-associated differences in the number and distribution of glycosylation sites in the HA1 domain occurring between human and duck H 1 subtype viruses have suggested that oligosaccharides on the tip of the globular head of the HA1 domain may be important in the survival of the human viruses (Inkster et al., 1993) . The extraordinary oligosaccharides of human viruses may promote growth of the virus by masking antigenic sites (Skehel et al., 1984; Inkster et al., 1993) . Interestingly, some of the glycosylation sites of human H1N1 subtype viruses have been lost in the course of evolution.
Loss of the glycosylation site at positions 131-133, associated with the appearance of a new site at positions 129-131, has been characteristic of Taiwan/1/86-1ike viruses isolated since 1986. The change from K to N at position 129 involved in this dislocation already occurred in two strains isolated in 1984 (Fin/I/84 and Fin/9/84). Further, the change from S to L at position 160 which is responsible for the loss of the glycosylation site at residues 158-160, and was established in the mainstream soon after the appearance of Taiwan/1/86, was already apparent in two of our 1984 strains (Fin/4/84 and Fin/5/84). In one of the 1984 strains (Fin/I/84) this glycosylation site was lost by a change from N to K at position 158. Loss of this site, also by two different changes, one of which was similar to the intra-epidemic situation, was demonstrated in specimens collected during a persistent infection in 1983 (Rocha et al., 1991) .
In addition to the mainstream changes mentioned above, there are strain-specific changes that result in loss of two glycosylation sites in the HA 1 domain, at residues 271-273 (Czec/2/88 and Sing/10/90; Xu et al., 1993, accession number L19015; Rocha et al., 1993 , accession number L20111) and 163-165 (Gr/9939/91; present study). The disappearance of the glycosylation sites in the HA1 domain (Fig. 3b) by different routes suggests that the oligosaccharides at these sites are not necessarily advantageous for the virus in all circumstances or in all of its evolutionary phases. It is not yet known whether the possible disadvantage may be due to poor receptor binding properties.
The 50 strains of the phylogenetic tree of Fig. 2  isolated since 1986 , during a period of low antigenic drift, formed three sequential clusters (I-III) that were separated by the mainstream amino acid substitutions described previously (Xu et al., 1993) . The topology of the tree was similar when DNAML or DNAPARS programs were used, and independent of the input order of the sequences. The oldest strain in cluster II, Fin/72/88, was isolated from a sporadic influenza infection on 1 June 1988, at the end of a mild influenza outbreak caused by H 1NI subtype viruses, after isolation of strains of cluster I (e.g. Fin/70/88 and Fin/73/88 in April and May 1988) . Fin/72/88 was consequently a 'herald strain' closely related to viruses of the following influenza season. Attention has also been given to the occurrence of herald strains in Japan (Nakajima et al., 1991 isolated in several European countries (WHO, 1988) . In the autumn of 1988, the outbreak began in Europe earlier than in previous years (WHO, 1989) . In Finland, the H1N1 virus outbreak began at the end of November 1988. The isolation of the herald strain in June 1988 and the early circulation of closely related viruses in the following autumn indicates that the virus was able to survive in Europe throughout the non-epidemic summer period. Three strains in cluster II exhibited identical HA1 domain nucleotide sequences (Fin/74/88, Fin/75/88 and Can/7/88). These strains were isolated from over two continents in December 1988 and analysed independently in two laboratories. One interpretation of this kind of identity is that the strains have not been subjected to random sampling or selection events that might have altered the consensus of their quasispecies population. The consensus sequence can remain unchanged if a large number of molecules replicate during each of the successive infections (Domingo et al., 1993) and if representative progeny populations are always transmitted. At present, it is not known to what extent these qualities are determined by the properties of the virus itself (e.g. infectivity or ability to resist inactivation) or are due to environmental factors and chance alone. Whichever is the case, for the evolution of influenza viruses, conservation of this kind may be of importance in retaining genetic quasispecies variety.
